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Abstract

Cystic fibrosis (CF) airway epithelia exhibit defective trans-
epithelial electrolyte transport: cAMP-stimulated Cl~ secre-
tion is abolished because of the loss of apical membrane cystic
fibrosis transmembrane conductance regulator (CFTR) Cl™
channels, and amiloride-sensitive Na* absorption is increased
two- to threefold because of increased amiloride-sensitive api-
cal Na* permeability. These abnormalities are thought to alter
respiratory tract fluid, thereby contributing to airway disease,
the major source of mortality in this genetic disease. However,
the underlying hypothesis, that fluid transport is abnormal in
CF airway epithelia, has not been tested. Most conjecture
about fluid transport is based on measurements of Na* and C1~
transport performed under short circuit conditions in Ussing
chambers. But such studies differ from in vivo conditions in
that transepithelial voltage and mucosal fluid composition are
held constant. Therefore, we measured fluid transport and mu-
cosal electrolyte composition in primary cultures of CF airway
epithelia without holding transepithelial voltage and ion con-
centration gradients at zero. In normal epithelia, cAMP ago-
nists plus amiloride stimulated NaCl and fluid secretion. In CF
epithelia, CAMP agonists failed to stimulate fluid or electrolyte
secretion, changes consistent with the loss of CFTR Cl~ chan-
nels. But in striking contrast to predictions based on Ussing
chamber studies, CF epithelia absorbed fluid at a rate no
greater than normal epithelia. Moreover, amiloride, which in-
hibits Na* channels, failed to inhibit fluid absorption by CF
epithelia. These results have important implications for under-
standing the pathogenesis of CF airway disease and for the
design and evaluation of therapy. (J. Clin. Invest. 1994.
93:1307-1311.) Key words: airway surface fluid » airway liquid
+ Na* absorption » amiloride » open-circuit transport

Introduction

Cystic fibrosis (CF)! (1) is caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) (2), a
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Cl~ channel regulated by cAMP-dependent phosphorylation
and by intracellular nucleotides (for reviews see references
3-5). In normal human airway epithelia, CFTR is located in
the apical membrane, where it mediates cAMP-regulated trans-
epithelial C1~ transport (6). In CF airway epithelia, CFTR is
missing from the apical membrane or has abnormal function;
this defect causes a loss of cCAMP-regulated Cl~ transport (7).
Airway epithelia also possess the cellular mechanisms for Na*
absorption from the mucosal to the submucosal solution (6, 8,
9). Na* absorption is mediated in part by apical Na* channels
that are inhibited by amiloride. Previous studies have shown
that CF airway epithelia have a two- to threefold greater rate of
active Na* transport than normal epithelia, at least when stud-
ied under short circuit, in vitro conditions (8).

The CF-associated increase in Na* transport and the loss of
cAMP-regulated C1~ transport are thought to alter the quantity
and composition of the respiratory tract fluid, thereby directly
contributing to the pathogenesis and pathophysiology of CF
airway disease (1, 6, 10); airway disease is the major cause of
morbidity and mortality in CF. However, the relationship be-
tween the CF-associated abnormalities in transepithelial Na*
and Cl~ transport, measured under voltage-clamped condi-
tions, to in vivo fluid and electrolyte transport is unknown.
There have been no studies of fluid transport by CF airway
epithelia, either in vivo or in vitro, and there is little informa-
tion on how the composition of CF airway fluid may differ
from that of normals (11, 12).

The goal of this study was to test the hypothesis that fluid
transport is abnormal in CF airway epithelia. We attempted to
mimic the in vivo situation by using primary cultures of CF
airway epithelia grown on permeable filter supports in the ab-
sence of a voltage clamp and with a small mucosal fluid vol-
ume. The methods for measuring fluid volume and composi-
tion were adapted from those originally described by
Grantham et al. and Mangoo-Karim (13, 14) and are identical
to those we previously reported (15). Primary cultures of hu-
man airway epithelia were grown on permeable filter supports,
a small amount of fluid was placed on the mucosal surface, and
then the fluid was covered by a thin layer of mineral oil to
minimize evaporation. 24 h later, we measured the volume and
electrolyte composition of the fluid. We also determined how
fluid transport was altered by two agents previously shown to
alter electrolyte transport by airway epithelia studied under
voltage-clamped conditions. We examined the effect of amilo-
ride, a diuretic that blocks Na* channels (8); amiloride is
currently being investigated for inhalation by patients with CF
in an attempt to inhibit Na* absorption (16, 17). We also
examined the effect of cCAMP agonists (forskolin and 3-isobu-
tyl 1-methylxanthine [IBM X1); cCAMP agonists are of particu-
lar interest because they activate phosphorylation-regulated
CFTR CI~ channels in the apical membrane and, in the pres-
ence of amiloride, they stimulate C1~ and fluid secretion (15).
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Based on previous in vitro studies done under voltage-
clamped (short circuit) conditions, we expected that the basal
rate of fluid absorption would be increased in CF epithelia, that
amiloride would inhibit fluid absorption, and that CF epithelia
would fail to secrete fluid in response to the combination of
amiloride and cCAMP agonists.

Methods

Cell culture. Nasal polyps were obtained, after polypectomy, from six
patients with CF. Airway epithelial cells were isolated by enzyme diges-
tion as previously described (15). Freshly isolated cells were seeded ata
density of 5 X 10° cells/cm? onto collagen-coated, semipermeable
membranes (24-mm diameter Transwell; Costar, Cambridge, MA)
and maintained at 37°C in a humidified atmosphere of 5% CO, in air.
The culture media, a mixture of 50% DME and 50% Ham’s F12
(DME/F12), was supplemented with 10 ug/ml insulin, 5% fetal calf
serum (Sigma Chemical Co., St. Louis, MO), 10 mM nonessential
amino acids (Irvine Scientific, Santa Ana, CA), 100 U/ml penicillin,
and 100 pg/ml streptomycin. To assess the confluency of the mono-
layers, transepithelial resistance was measured with an ohmmeter
(EVOM; World Precision Instruments, Sarasota, FL); all epithelia had
transepithelial electrical resistances = 900 Q - cm?, indicating the con-
fluency and integrity of the epithelial monolayers.

Fluid transport. The methods for measuring fluid volume and com-
position were adapted from those originally described by Grantham et
al. and Mangoo-Karim et al. (13, 14) and are precisely identical to
those we previously reported (15). At the start of the experiment, the
submucosal solution was replaced with 2.5 ml of fresh media (supple-
mented as described above ) and 100 ul of serum-free media was placed
on the mucosal surface. Assuming a uniform distribution of fluid over
the epithelium, the depth of fluid on the mucosal surface at the start of
the experiment is calculated to be 220 um. It was necessary to begin the
experiment with some fluid on the mucosal surface because prelimi-
nary studies showed that if we began with no fluid on the mucosal
surface, under most conditions we could not recover sufficient fluid for
analysis. To minimize evaporative losses, the mucosal solution was
covered with 1.5 ml of filter-sterilized mineral oil (previously warmed
to 37°C, humidified, and equilibrated with 5% CO,). Covering the
mucosal solution with mineral oil did not alter the transport properties
of epithelia (15). After adding 100 ul of fluid to the mucosal surface of
epithelia, 95.4+0.9 ul (n = 20) could be recovered 5 min later. This
value (95.4 ul) served as the zero volume, i.e., the volume recovered if
there is no net transport. To determine whether evaporation produced
volume changes, we performed identical experiments except that glass
coverslips replaced the epithelium. The volume recovered 5 min later
was 99.0+0.5 ul (n = 5) and the volume recovered 24 h later was
97.9+0.4 (n = 6). These results indicate that evaporation made no
significant contribution to the observed changes.

Monolayers were exposed to one of the following conditions: (a)
control, no inhibitors or secretagogues; (b) cAMP agonists, 10 uM
forskolin and 100 uM IBMX added to the submucosal solution; (¢)
amiloride (30 uM) added to the mucosal solution; or (d) amiloride
plus cAMP agonists, final concentrations as indicated above. After 24
h, mucosal and submucosal solutions were collected for analysis. Mu-
cosal solutions were collected in capillary tubes to measure the recov-
ered volume using the length of the aqueous fluid column and the
known internal diameter of the capillary tubes (custom glass tubing;
Drummond Scientific, Broomall, PA). Na* and K* concentrations
were measured with a flame photometer (Instrumentation Laboratory,
Boston, MA), and Cl~ concentration was measured with a chloridom-
eter (Laboratory Glass and Instruments Corp., New York, NY) (15).
Neither Na* nor Cl~ concentrations were significantly modified by
addition of amiloride, forskolin, and IBMX, or by supplementing the
media with serum. However, K* concentrations in serum-supple-
mented media (4.46+0.01 mM ) were significantly greater than in un-
supplemented media (4.04+0.02 mM; n = 20). Amiloride was a gift
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from Merck, Sharp and Dohme Research (West Point, PA). All other
chemicals were purchased from Sigma Chemical Co.

Data analysis. Values represent mean+SEM of data from six differ-
ent CF patients: two were homozygous for AF508 and four were hetero-
zygous for AF508 (AF508 /unknown mutation ). One to six cell mono-
layers from a single patient were studied for each condition; when more
than one monolayer from a patient was studied, a single average value
for that condition was obtained. Values for 12 non-CF nasal polyps are
from reference 15.

Validation of the methods. Although we previously published the
use of this technique in normal airway epithelia (15), several addi-
tional considerations indicate the validity of the methods.

(a) Variability occurs as a result of differences between epithelia
from different subjects, but there was little variability between measure-
ments in epithelia obtained from the same subject. The coefficients of
variation for fluid volume measurements made on multiple (n = 3-6)
monolayers from the same epithelial sample under a specific condition
were 3.0+0.4% for CF epithelia (n = 7) and 6.5+1.4% for normal
epithelia (n = 10).

(b) Osmotic gradients generated by addition of mannitol (values
from 42 mOsm directed to the submucosal solution to 28 mOsm di-
rected to the mucosal solution ) induced fluid transport in the direction
of the gradient at a rate of 0.48 ul - cm~2/24 h per mOsm (R2=0.99, n
= 20).

(c¢) Measurement of volume change by indicator dilution using
[*H]inulin predicted a volume flux (J,) of —21+8 ul-cm™2/24 h,
which was similar to our direct measurement of —24.7+0.9 ul-cm™2/
24 h on the same epithelial monolayers (7 = 8).

(d) When epithelia were incubated with submucosal ouabain (100
uM) for 24 h to inhibit the Na-K-ATPase, net volume changes were
abolished (n = 6).

(e) Time course studies performed under identical conditions us-
ing T84 intestinal epithelial cells stimulated with cAMP agonists
showed linear increases in mucosal fluid volume. There was no secre-
tion under basal conditions. After addition of cAMP agonists, fluid
secretion was 1.01 ul-cm™2/h over the course of 24 h (n = 2 at time
points of 2, 4, 6, 9, 15, and 24 h, R? = 0.97).

(f) Finally, and most importantly, interventions such as addition
of amiloride and cAMP agonists produced consistent and reproducible
changes in volume and fluid composition in normal and CF epithelia.

Results and Discussion

Fig. 1 4 shows that under basal conditions, CF epithelia ab-
sorbed fluid. Fluid absorption was accompanied by net Na*
absorption (Fig. 1 B), which reduced the mucosal fluid Na*
concentration (Fig. 1 D). Net Cl~ transport was negligible
(Fig. 1 C), but because there was net fluid absorption, the
mucosal fluid Cl~ concentration increased to values greater
than those in the submucosal solution (Fig. 1 E). Our previous
studies suggest that Na* absorption is accompanied at least in
part by HCO3.

In Fig. 1 we also compare data from CF epithelia with data
obtained in normal epithelia studied under identical condi-
tions during the same time period (15). The results show that
fluid absorption was no greater in CF than in normal epithelia.
This finding was unexpected, because previous studies done
under short circuit conditions in Ussing chambers found that
the rate of electrogenic amiloride-sensitive Na* absorption is
increased in CF airway epithelia (8, 9).

Despite the fact that there was no difference between CF
and normal epithelia in fluid absorption, as has been previ-
ously reported, we found increased Na* absorption measured
as the amiloride-sensitive short circuit current (I;). In normal
airway epithelia, I, was 5.0+0.4 xA/cm? under basal condi-
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Figure 1. Effect of amiloride and cAMP agonists on the net transport
of (A4) fluid, (B) Na*, and (C) C1~ and on the mucosal concentration
of (D) Na* and (E) Cl~ in normal (open bars) and CF (stippled
bars) airway epithelia. (4-C) J indicates flux, zero indicates no net
transport, positive values indicate net secretion into the mucosal so-
lution, and negative values indicate net absorption. (D and E) Dashed
lines indicate the Na* (151.8 + 0.5 mM, mean + SEM) and C1~
(130.6 = 0.4 mM) concentrations of the submucosal solution, which
were the same for all conditions, Amil indicates the presence of 30
uM amiloride in the mucosal solution, and cAMP indicates the pres-
ence of 10 uM forskolin and 100 uM IBMX in the submucosal solu-
tion. Asterisks indicate values significantly (P < 0.05, unpaired ¢ test)
different from zero in 4-C and different from submucosal values in
Dand E.

tions (n = 42 epithelia from five subjects) and decreased by
3.2+0.3 uA/cm? after addition of amiloride (10 uM, mucosal
solution ), whereas in CF epithelia, I, was 10.2+0.8 uA /cm?(n
= 53 epithelia from seven subjects) and decreased by 8.2+0.7
pA/cm? after adding amiloride. Thus, the amiloride-sensitive
I, was two- to threefold greater in CF epithelia (P < 0.001).
Although results from Ussing chamber studies did not pre-
dict changes in fluid transport, Ussing chamber studies differ
from the conditions we used to measure fluid transport (and
from in vivo conditions) in two important ways. First, transepi-
thelial voltage is clamped (held constant at zero); clamping
transepithelial voltage to zero can alter ion transport by abolish-
ing net electrolyte movement through the paracellular path-
way, by altering the voltage across apical and basolateral mem-
branes, and by changing intracellular ion concentrations. Sec-
ond, mucosal fluid composition is clamped (held constant by
virtue of its large volume and the relatively short duration of
study); in vivo the mucosal fluid volume is small, so that its
composition can be altered by the epithelium and the resulting
transepithelial ion concentration gradients may affect net fluid
and electrolyte transport. The potential difficulties inherent in

such predictions have been previously noted (6). Moreover,
previous Ussing chamber studies that measured Na* transport
with radioisotopes when transepithelial voltage was not
clamped to zero found that there was no significant difference
in the rate of net Na* transport between primary cultures of
normal (1.2+0.4 uEq-cm™2/h) (18) and CF (1.8+0.7
wEq-cm~2/h) (19) airway epithelia. Results with native air-
way epithelia have been variable (20, 21).

Fig. 1 also shows that cCAMP agonists had no effect on net
fluid, Na*, or Cl~ transport in CF epithelia. This observation
was also unexpected, because earlier studies in CF epithelia
showed that CAMP agonists stimulate Na* absorption under
short circuit current conditions (8).

Previous studies have shown that addition of amiloride to
the mucosal surface of airway epithelia inhibits Na* channels
and electrogenic Na™* absorption (6, 8, 9), and we previously
reported that amiloride inhibited net fluid absorption (15).
However, in contrast to normal airway epithelia, in CF epithe-
lia amiloride failed to inhibit fluid absorption and did not alter
net Na* or C1~ transport (Fig. 1, A-C). These results suggest
that, as previously reported, there are amiloride-insensitive ab-
sorptive mechanisms in airway epithelia (22, 23).

The failure of amiloride to inhibit fluid absorption (Fig. 1)
cannot be attributed to leak of amiloride from the mucosal
solution or to inactivity of the compound, because we obtained
similar results in normal and CF epithelia when benzamil (3
uM), a more selective and potent inhibitor of apical Na* chan-
nels (24), was added to both mucosal and submucosal solu-
tions (data not shown). Moreover, mucosal amiloride signifi-
cantly decreased the mucosal K* concentration in CF epithelia
(K™ concentration was 4.64+0.22 mM under control condi-
tions and 3.86+0.16 mM in amiloride-treated epithelia; n = 6,
P =0.007), indicating that amiloride did have an effect on the
epithelium.

We considered the possibility that amiloride-insensitive
mechanisms contribute to fluid absorption. Previous studies
have demonstrated the presence of Na glucose absorption by
airway epithelia (22). Therefore, we examined the effect of
glucose and amino acids in the mucosal solution on net fluid
transport by normal airway epithelia (Fig. 2). To eliminate the
effect of amiloride-sensitive transport, amiloride (30 uM) was

* Figure 2. Effect of glu-
. ﬂ cose and amino acids
on amiloride-insensitive
lll fluid transport by nor-
mal epithelia. The plus
sign at the bottom of
the figure indicates the
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-10 presence of glucose
Glucose + - + - (17.5 mM) or amino
Amino acids + + - - acids in the mucosal so-

lution; amino acids
were added as 2.9 ml nonessential amino acids and 2.7 ml essential
amino acids (both from Sigma Chemical Co.) for each 100 ml of
mucosal solution. The mucosal solution contained (mM): NaCl,
119.8; KCl, 4.18; NaHCO;, 24.2; CaCl,, 1.8; and MgSO,, 0.8.
Transepithelial osmotic gradients were eliminated by substituting
mannitol for glucose or amino acids. Amiloride was included in the
mucosal solution to reduce amiloride-sensitive transport. Other de-
tails are as in Fig. 1. Values are mean+SEM, n = 4. *Values that differ
significantly from transport when amino acids were present in the
mucosal solution.
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added to the mucosal solution. When glucose and amino acids
were present in the mucosal solution, the epithelia absorbed
fluid. When amino acids were replaced by mannitol, fluid ab-
sorption was abolished, and secretion was observed. Removal
of glucose alone had no significant effect.

These results suggest that amiloride-insensitive mecha-
nisms may account for some of the fluid absorption by airway
epithelia. This can explain, in part, the fluid absorption we
observed in CF epithelia studied in the presence of amiloride.
Yet, why did amiloride inhibit fluid absorption by normal epi-
thelia?

By inhibiting apical membrane Na* channels, amiloride
hyperpolarizes apical membrane voltage (9). Hyperpolariza-
tion increases the driving force for Cl~ exit through apical
membrane CFTR Cl~ channels (25), some of which are open
under basal conditions (26). As a result, we measured net Cl~
secretion (Fig. 1 C). The resulting fluid secretion counterbal-
ances amiloride-insensitive fluid absorption. Thus, net fluid
absorption was abolished in normal epithelia (Fig. 1 4). The
lack of effect of amiloride on net fluid transport in CF epithelia
can be explained by a lack of functional CFTR Cl~ channels
and hence a lack of C1~ and fluid secretion to counterbalance
amiloride-insensitive fluid absorption.

If this proposed mechanism of amiloride’s effect on fluid
transport is correct, we reasoned that if we reduced apical C1~
conductance of normal epithelia, then amiloride should be less
effective at inhibiting fluid absorption. Thus, we would have a
situation similar to that observed in CF epithelia. To reduce
apical Cl- conductance, we added indomethacin (3 uM) to
inhibit endogenous prostaglandin production and reduce cel-
lular levels of cCAMP (27, 28). For this experiment, glucose and
amino acids in the mucosal solution were replaced with manni-
tol to reduce amiloride-insensitive absorption. Fig. 3 shows
that under these conditions, the basal rate of fluid transport was
near zero and indomethacin had no effect.

When we added amiloride to the mucosal solution of con-
trol monolayers, we stimulated fluid secretion. This observa-
tion is consistent with our proposal that amiloride stimulates
Cl~ secretion in normal epithelia by increasing the electrical
driving force across the apical membrane. The fact that amilo-
ride inhibited fluid absorption in Fig. 1 and stimulated secre-
tion in Fig. 3 is explained by the lack of glucose and amino
acids in the experiment shown in Fig. 3.

However, the key observation in Fig. 3 is that in the pres-
ence of indomethacin, amiloride failed to alter the rate of fluid
transport. This is the same result that was obtained with CF
epithelia. These observations suggest that the predominant ef-

Figure 3. Effect of indo-
methacin (3 uM) on net
fluid transport by normal
epithelia. To eliminate
amiloride-insensitive ab-

2
T %7 contol sorption, glucose and
3 amino acids were not in-
oiE cluded in the mucosal solu-
S tion (Ringer’s solution as
3 indicated in Fig. 2). Other
= details are as in Fig. 1. Val-

104 ues are mean+SEM, n = 5.
Basal Amil CAMP A’g“ *Values that differ signifi-
cAMP cantly from zero.
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fect of amiloride on fluid transport results from stimulation of
secretion.

When we added the combination of amiloride plus cAMP
agonists, we stimulated Na*, Cl~, and fluid secretion in nor-
mal epithelia (15). In contrast, amiloride plus cCAMP agonists
failed to stimulate fluid and electrolyte secretion in CF epithe-
lia (Fig. 1, A-C). These results are consistent with the role of
CFTR CI~ channels in secretion and the lack of functional
CFTR channels in CF epithelia.

Our data indicate that fluid transport by CF airway epithe-
lia is defective, but the results are different from predictions
based on measurements of amiloride-sensitive Na™* transport
in Ussing chambers. The differences likely result from the fact
that neither transepithelial voltage nor mucosal fluid composi-
tion were clamped in our study. We interpret our results to
indicate that amiloride-sensitive Na* transport is not a reliable
predictor of the direction or rate of fluid movement across
airway epithelia. The data do, however, suggest that apical
membrane CFTR Cl~ channels determine the response not
only to CAMP agonists, but also to amiloride.

After submitting our manuscript, Jiang et al. (29) reported
measurements of fluid transport in normal and CF airway epi-
thelia. In some respects their results and conclusions are similar
to ours, but there are also important differences. In agreement
with our results, they found: (a) that fluid absorption was inhib-
ited by amiloride in normal epithelia; (b) that cAMP agonists
stimulated fluid secretion in normal epithelia; (c¢) that cAMP
agonists failed to stimulate secretion in CF epithelia; and (d)
that cCAMP agonists failed to increase fluid absorption in CF
epithelia. However, in contrast to our results, they found that
the rate of fluid transport was greater in CF than in normal
epithelia and that amiloride inhibited fluid absorption in CF
epithelia. We believe that the difference in results may be due
to differences in the experimental methods. Both studies were
carried out under open circuit conditions, but in the study of
Jiang et al. (29), the mucosal solution contained a large vol-
ume of fluid and the duration of experimental interventions
was 20-30 min. Thus, a major difference from our study is that
mucosal fluid volume and composition were held constant in
their study. As a result, active and passive electrolyte and fluid
transport were not able to alter the composition of the mucosal
solution, which in turn could modulate net transport. The
methods of cell culture were also slightly different. But this
difference is not likely responsible for the differences in results
because when we used culture methods similar to those re-
ported by Jiang et al. (29), we obtained results qualitatively
identical to those we report here. In the end, an understanding
of what factors account for the differences between our study
and that of Jiang et al. may provide important new insights into
airway epithelial function.

These results begin to provide insight into how the genetic
defect in CFTR produces defective respiratory tract fluid. They
also have important implications for the design and evaluation
of therapy by suggesting that correction of the fluid transport
defect in CF epithelia may require restoration of apical mem-
brane Cl~ conductance.
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